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FOREWORD

This report was prepared by Hughes Aircraft Company, Culver City, California,

under Contract Number AF 33(615)-Z460. The contract was initiated under Project

No. 7381, "Materials Application," Task No. 738103, Materials Information Develop-

ment, Collection, and Processing." The work was administered under the direction of

the Air Force Materials Laboratory, Research and Technology Division, Air Force

Systems Command, Wright-Patteraon Air Force Base, Ohio, with Mr. R. F. Klinger,

Project Engineer.

The Electronic Properties Information Center conducts documentary research

based on the collection, analysis, and review of the scientific and technical literature

relevant to the electrical, electronic, and magnetic properties of materials. The

( primary objective of this program of evaluation and correlation is "'o provide a source

of competent information to the DoD community. By means of several series of publi-

cations such as Data Sheets, Special Reports, Interim Reports and several service:

such as Computer Bibliographies, technical questions answering services, and special

studies, research and development support is made available to this extended community.

The initial step in the preparation of this data sheet was retrieval, by means of a

modified coordinate index, of all lead oxide literature in the EPIC file which comprised

37 accessions and all these are listed in the Reference Section. Bibliographies were

also reviewea to ensure the inclusion of all relevant literature.

If data available from several sources are judged to be equally valid, then all are

given. Data are considered questionable and rejected for inclusion because of faulty or

dubious measurements, unknown sample composition, or if more reliable and inclusive

data are available from another source. Selection of data is based upon evaluation of

that which is most representative, precise, reliable and inclusive over a wide range

of parameters.

Within every property section we have tried to include every available parameter

and range of experimental condition found in the literature, Measurement environment

C and sample specification are included when available. Some alterations in units and

presentation mnay be made to facilitate comparison with other experimental data.

i ~iii
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This reporb consistr of the compiled data sheets on lead oxide. A full list of

EPIC publications to-date appears at the end of the report.

The a,=thor wirhed to acknowledoe the assistance afforded by Dr. J. J. Grossman

in reviewing the experimental data, and the contribution of Dr. Sheldon Welles in the

review of th- compilation.
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ABSTRACT

These data sheets present a compilhtion of a wide range of electronic properties

for- lad .x.d... p;•:pc~rt-cz i;cude conductivity, resistivity and dielectric

constant. A wide variety of photoelectronic phenomena is shown. Energy data include

energy bands, energy gap, and energy levels, as well as effective mass tables, phonon

energy dispersion and work function. The optical properties inclade absorption, reflec-

tion, and refractive index. Data on several physical phenomena, such as thermal con-

ductivity, Debye temperature, magnetic susceptibility and Richardson's Constant are

presented. Thermoelectric data is given. Each property is compiled over the widest

possible range of parameters including bulk and film form, from references obtained in

a thorough literature search.

A summary of crystal structure and phase transitions has been included.

This report has been reviewed and is approved for publication.

I
r U

Dr. Sheldon Welles, Head
Electronic Properties Information Center

J~ohn W. Atwood
Project Manager

IC
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INTPODUCTION I

Lead forms a series of interconvertible oxides, extremely sensitive tc changes

in temperature and oxidation during preparation. The tabla of lattice constants on

page 4 is some indication of the complexity of the problem.

Ir gcicra!, the lead mon xide is snost commonly obtained by oxidation of lead.

It exists in two polymorphic forms:

RED- TETRA C-ONA T

Lp

I . ,I * ,

Crystal structure of Tetragonal PbO

Litharge is the alpha-lead monoxide. It is red tetr-tgonal, and artificitl crystals

are tebular on (001)

Mohe Hardness = Z

Density = 9. 14

Index of refaction it:

and di6persion is very high, (S. 8.•

I
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YFLLOW ORTHORHOMBIC

At 530 0 C Litharge converts to Massicot, the beta-lead oxide. This is yellow

orthorhombic and artificial crysta!s are tabular on (100) and may be twinned,

Mohs Hardness Z
'L'nsity =9. S6

Index of refraction

A),:is nLi Absorption

x 2.51

y Z.cK light yellow

z 2.71 de-p yellow

Minium, the tetroxide Pb3O4 is red lead and is tetragonal.

Mohe Hardness = 2-3

Density 4.6

"nLi 2. 42•*0.02 12)

0po

-• Ov

Crystal structure of Pb3 04 (1)

Plattnerite is the dioxide, PbO2 . It is black tetragonal.

Mobs Hardness = 5-5. 5
Density = a. 5 (2)

2. .. . .
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LATTICE CONSTANTS

Red Tetragonal

Recent lattice constants from x-ray and neutron diffractiorn studied for the red

tetragonal lead monoxide are:(3

a = 3. 9759A 3000K

c =5.023A

Later data is.(4)

a -3, 96±0.IA
0

c =5.01 +± 0.1A

Each lead atom is bound to four oxygen atoms forming a square-based py.-amid

with a lead atom at the apex. Each oxygen atom is surrounded tetrahedrally by four

lead atoms.

Pb-0 = 2. 30A

Yellow Orthorhombic

L~eciejewicz has also studied the yellow orthorhombic lead monoxide(5 by

neutron diffraction methods and obtains the same values as Bystrdm(b)

a = 5. 476A
0

b = 5.8760

c = 4.7430

Each lead atom is bounded by oxygen atoms at a distance Pb-U ., I1 0. OZA.

Oxygen anu' lead atoms lie on the same level forming a sigtag chain. Neighboring

chains are located at a distance of Z. 49 0.0"A. Lead atoms are Pb-Pb 5 3.51 i0.0 A

indicating weAk interlayer bonding.

3
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0
Lattice Constant (A)

Compound Symmetry* a b co Remarks

PbO

O 5.476 5. 876 4. "743 Yellow

T 3.947 4.988 Red

T 3.972 5.023 Red

PbO2

O 5.486 5. 939 4. 938 (001) Orientation

T / '131 3. 367 Plattnerite

T 4.955 3.383 Pb0 1 9 9

PbO0
Z 3

M 7.050 5.616 3.865 99.9

Pb 0304
T 8. 788 6. 551 Minium, natural crystal

T 8.86 6.66 Minium, natural crystal

Pb508

T 5.508 5.40

M 22.92 10.81 7.72 91.3 Pb0 1. 5 8 6

0 5.444 5.948 4.977 PbO 1.1.85-1. 92

0 7.66 7.80 5,.50 P-Pb01.47-1.51

O 7.655 7.793 5.496 Pb0 1 4 3, Pseudocubic

0 7.667 7.753 5.458 PbO1.501 Pseudocubic

O 7.805 7.805 5.471 Pb0 1. 3 7 2 -1.5 6 3

C 5.44 PbO1.6-t.72

PbO0
2

C 5.39 Unstable, decomposes
into PbO+Pb

*0 Orthorhombic

T Tetragonal

M Monoclinic

C Cul'ic (7)
4

I _________
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Under pressures up to 60, 000 atmospheres and temperatures of IA 0 GC to 600 0 C,

several lead oxide polymorphs are produced.

PbO Litharge = Massicot

The equilibria data on this transition are equivocal; the yellow orthorhombic form
0 0

is more stable at high temperatures and the transition ranges from 475 - 585 C. The

high temperature Massicot has the higher density, and the next graph illustrates the

complexity of the data.

5000

4000

12000
LITHARGE . MASSICOT

1000 U. " .u 0

0 00 200 300 400 500 600

TEMPERATURE (0C)

Univariant pressure-temperature curve for the reaction litharge - massicot

showing hydrothermal and uriiaxial data.

Symbols Starting material End Product

0 Litharge/massicot mixture Massicot

* Litharge/massicot mixture Litharge

0 Massicot Massicot

(> * Massicot Litharge

t Heated dry to T; P then raised

- Raised P; then heated to T

0 Runs with uniaxial device (Ref. 27813)

5
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PbO2 I (rutile-tetragonal) PbO2 II (orthorhombic)

The tetragonal form is stable at temperatures to 6000C at pressures below

12, 000 atrn. Above this pressure the orthorhornbic form appears and is stable at 200C.

(Ref. 27813)

Closer study on the pure dioxide indicates that under atrmospheric pressure, the
00

tetragonal form was stable from 20 C to 2300C. The maximum rate of'transition of the

-5,)mhic form was at 1000C. At 200C and 30, 000 kg/sq. cm., the tetragonal form

changed to the rhombic. This paper suggests a third form of the dioxide close to the

fluorite (b. c. c. ) but it is more likely pseudocubic. (9)

Pb 0 is formed and stable around 5000C to 6000C and above 15,000 atmospheres

and then decomposes to Pb3 0 These are black vitreous crystals.

Pb 0 - Pb0 + Pb 0 between 1000C and 35,000 atmospheres to 4000C and 10,000

atmospheres.

(Ref. 27813)

Between PbO2 and Pb304 several oxides are formed by the decomposition of PbO2

in air. It has been suggested that two phases occur: Pb 2019 and another compound

Pb 1 2 0 1 7 which has a very narrow stability range in air. Another qualifying factor is

the preparation method as PbO2 reduction yields better crystallinity than PbO oxidation.

However, with increased oxygen pressure crystallinity improves in the PbO oxidation

process.
(Ref. 14479)

Pb12019

Reduction of Pb02 has yielded good samples of this monoclinic crystal.

a = 5. 496A
0

b = 5. 424
0

=5. 392

=89030

6
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3000

Phase diagrarn for PbO - Pt1 0 4-

Pb 3 O4  iquidLiquid Euteertic

* 2M0 o Pb 0
3 4

~ 0 o PbO (yellow)

Z a Li quid

S00 (Ref. 14479)

PbO

00 0 00 00 0S

700 8W0 900
TEMPERATURE (OC)I

t ~20.000 0

Temperature -pressure phase diagram ' J.

at high oxygen pressures. Above * 'Y
I kbar, Pb 0 is a stable phase.

Z4PbO2 2Pb 120 9+50 2b ~ P~Q,0

N 2Pb1 20 9 8Pb 0 +302

2P12 19 1P 23 4O 2  '~

6pb 0 -2b0 +0

6Pb 0 4Pb 0+2 3 3 4 2

a Pb02

* b12019

o Pb3 04
ci Pb3 0 4TEMPMRTURE (00

7
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Lead monoxide has a high refractive index and a high dispersion (S. 8) which should

make this material highly suitable for certain optical uses. Films of this material are

adherent and fairly strong; they do not flake off easily.
(Ref. 4911)

They may be vapor-deposited anid under controlled conditions yields plates of the

red tetragonal form 2 x 0.5 1A, about 0.005 ý.& thick (50A). The plates are upright and

markedly oriented to (110). (8)

tJ

1 7....... ..•... .

• i i ii i • i9
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LEAD OXIDE

ABSORPTION COEFFICIENT (a)

PHOTON DIENY (W

0.103 0.071 0.062 0.052 0.044
100

Pb-L

Mf

60

Pb$ LOithre IS Lte •le m o (RED)
6 bri0h U IS MASSSCOT (YELLOW) i

z (RED LEACI

I

-420

toot

Pt ++. .+ . ......

12 16 20 24 20f OWELENGTH (pl

Transmission as a function of wavelength at 300 0K, for several compounds in the
lead oxide series:

L is litharge, the red tetragonal lead monoxide.

M is massicot, the yellow orthorhombic lead monoxide.

Pb 0 crystals are black and well-formed.

Pb0o occurs in two f-rm*, tetragonal "rutile form and orthorhombit "oi' formn.

Pb 30 4is muiiurn, (bright scarlet "red Lead"! and forms in tetragonal tingle
Scrystals.

Pb-.ON has since been shown to be identical with Pb1 2 01  (Ref. 14479).

(Ref. Z7813)

It



P 90FrNAuuu
*B5EA3CN AND CHMNNOLOY DIVIOSION
AIM FORC IIOT9 COMMANDI i

PREVPARl OE@ 5IECTRONIC PRiOPItnTI? INIPORMAT4M CENTElR * NUONES AIRCRAFT COMPANY. 4.DLVJR CITY. CALIiORNIA

LEAD OXIDE

ABSORPTION COEFFICIENT (a)

S0.6 01" 0.44

. . .•. . . . . Jr40

.•. . . .... . •308. /i

20 LZ 1.4 ti 3.0

PHOM 111 2 W (

Absorption coefficient of tetragonal lead monoxide as a function of photon energy at
306 K. Single crysta~ls were grown hydrothermally and the transparent. red piistalets
were from 4 to 245 pi thick. Crystals were generally n-type, n 10'7c,.,nA and (00i)
oriented. Illuminatiorn parallel. to (001) from 6530A to 4000A.

The direct energy gap it Z. 84 *0. 0'3 e V

The indirect energy gap •1.936*0.01 eV
(Ref. 17801)
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4. 'Z 24 t J L



SqislAiCIm A,40 7SCHM&ION Y DIVISION

1.4 FAmOR e.C S YSTE MN S C 4M AND C rgm%~

PQEPAREO BY 1LCTYSONIC PO@Pftm*r'S INFORMATION ClINTEWY HU66S 9 AIRCRAFT *•PAkY CULVE4 CITY, CALIFORNIA

LEAD OXIDE

ABSORPTION COEFFICIENT (a)

PHOION CGY(.) 000 ' I ,'

S.4 ., 2.7 2.5 Z. 2 . O.. 1 o p

* vmwmm6000

EM(T ISEATIIOW

WOA? IUWNW - t~ - ,4ET
S4W0( - wTI Af 5000

'* \ .uia'TrUaUT/ (r~•,(v,,

h& $41AET ThE.'TUEI

M0 3000

~,0Och 2000

o I I~ I ~ I 0000 ---- I
"• .... "iA •Th ( ,,l) , ,O L..-L. •' S -

3500 4000 "0 5000 550 6000 G500

WAVELENGTH (A)

Absorption coefficient as a function of wavelength in vacuum-deposited polycrystaline
lead monoxide films at 300 0 K. The substrates were kept at 120°C and the deposition
was under reduced oxygen pressure. The as-deposited films were always tetragonal
and n-type. When, heattd to the colour change from reddish brown to yellow, the crystal

* structure becarrie orthorhombic. Transition temperatures vary with oxygen pressure.

A Tetrag'ona fiims, 50 to 75 microns thick, n-tye as deposited; p-type after
heat trcatmnen'. Maximum resistivity is Z x 10! 1 ohm cm. Absorption edge
at Z. 0eV.

B Orthrhombic filrris formed by heating from 350 to 4000( at L, v oxygen pres-
sures. Change is from n- to p-type at I micron oxygen pressurv :-A above.

-aximurt resistivity is I x 1013 ohm cm. Absorption edge at 2.6. eV.

Heat treatri•ent at 160QC

C- (Ref. 26041)
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LEAD OXIDE

ABSORPTION COEFFICIENT (a)

PH"OO E.NERGY (aV)

27 22 1.9 The extinction coefficient of a poly-
, X E VAMR0TION Vi "IUK"UUM cr-rstalUine lead monoxide film at
2aEVAP0RATI0N IOXr-w" AT 1.5 v O1-4mm H49 300oK. The film is deposited at

9 0.06 3.#VAPORATIONIN OCYGEN AT 3 a 10-4 M H9 300 0 C in either a high vacuum or in

SOA Ian oxygen atmosphere and has an

0.05 1 orthorhombic crystal structure.
Thickness ranges from 0. 056 to1 0.02 2 248 microns. Absurption is high in

0.01 3 the t•Itraviolet in all cases, how-
0 jever, increase in oxygen pressure

.6 .40 .45 .50 .56 10 •S decreases the metallic lead andmaterially reduces the absorption.
WAELNTH (A,

(Ref. 4911)

PHOTON ENERGY (ev)

31 2.8 2.5

-I /

AbsorpL'..a coefficixnt as a function of
wavelength at 300°K for t.ingle crystals -
of Yel-ow lead oxide, abo 1t 10 microns
thifk. Absorption coefficit.- =2. 0 x
10 cmd.l at 0.42 mr.crons.

(Ref. :163V) i

040 045 Ow

14
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LEAD OXIDE

ABSORPTION COEFFICIENT (a)

WAVELENGTH (M) Optical density and transmission at 300 0 K as

04! 050 062 a function of wavelength in single crystal,
1• red lead monoxide, tetragonal symmetry.

0 These crystals were photoconductive with
z - • electrical resistivity of 1010 to 1012 ohm zm.

The optical energy gap is determined at
S1. 96 ±0. 06 eV.

0 r4 D -- Density
D' -- This curve is derived from data

T4 3atainr d by increasing the

z I instrumental sensitivity.
T T -- Transmission

- T' -- Transmission data recorded
W jJ I 0 on a second, more sensi-

3.0 2.5 2.0 tive instrument.
All data is obtained from diffuse reflection

PHOTON ENERGY (eV) spec-tra. (Ref. t6601)

WAVELENGTH (p.)

0.31 0.28 0.25

40

35

E 30

2

- 25Absorption coelficient as a function of wavelength z
for lead dioxide films at 300cK. The films areu-
vacuum deposited from a powder and are poly- . 20
crystall-ne. The optical energy gap is given as
4. 45 ±0. 032 eV.

o 15
(Ref. 3281)

10gQ

3.5 4.0 4.5 5.0 5.5

PHOTON ENERGY (@V)

15
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LEAD OXIDE

ABSORPTION COE-FrFICIENT (a)

WAVELENGTH (p)

0.16 0.18 021 0.25 0.31
I I ' I I I

15 ÷. Optical density as a function of wave-
0z I+ * length at 300 K in vacuum deposited

"' lead film, heated in air at 6500 C for
+ 15 minutes. The optical edge at about

+ •4. 5 eV appears to agree with that for
=4 the dioxide as given in (3281) and it is

possible that the heating in air has
produced a mixture of the monoxide

z and the dioxide, although the author
o considers this the monoxide.

J I (Ref. 3418)
-- +

I I I - I I

8 7 6 5 4

PHOTPHOTON ENERGY (eV)

6.2 4.1 2.5 1.8100i

S80 -- -

so I: /

"Transmission as a function of wave-0 z
length at 300 K for a lead dioxide o 60 I
film, vacuum deposited, The optical (I

energy gap is given as 4.45 ± 0.032 eV , 4

at 300 K. z 40 I

(Ref. 3281) I

20

I IL

0.2 0.25 0.3 0.35 0.4 0.5 0.6 0.7

WAVELENGTH (p)
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PREPARED MY ELECTRONIC PROPERTIES INFORMATION CENTER * HUGHES AIRCRAFT COMPANY, CULVER CITY. CALIFORNIA

LEAD OXIDE

DEBYE TEMPERATURE (eD)

Temp. Range Method of
8 D (°K) Sample (OK) Measurement

145 Yellow PbO 51-250 Specific Heat

156 Red PbO 51-250 Specific Heat

79.4 Pb 2 0 3  51-298 Specific Heat

E. G, King, Low Temperature Heat Capacities and Entropies at 298. 150 K
of Lead Sesquioxide and Red and Yellow Lead Monoxide

J. Amer. Chem. Soc. v 80,
( May ZO/1958, pg 2400

17
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PREPARED BY ELECTRONIC PROPERTIES INFORMATION CENTLR * HUGHES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA

LEAD OXIDE

DIELECTRIC CONSTANT (e)

Method of Temperature
Symbol Value Sample Measurement (OK) Ref.

S25.9 PbO at 108 cps 298 *0

25.9 PbO Calc. from ion 298 13715
polarizabbility
(117.8 A)

Pressed
powder
discs

35 yellow PbO 100 c to 10 kc 300 14479
sintered
at 7000C

15 Pb203 100 c to 10 kc 300 14479

20 Pb 3 0 4  lO0 c to lO kc 300 14479

32 red PbO -100 c to 10 kc 300 14479

is the static dielectric constant and is only value obtained for the lead oxides.

* Handbook of Physics and Chemistry, 47th Ed. pg E-56.

18
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AIR FORCE SYSTEMS COMMAND EPIC

PREPARED MY ELECTRONIC PROPERTIES iNFORMATION CENTER * HUGHES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA

LEAD OXIDEh

DIELECTRIC CONSTANT (c)

40 I

#o (STATIC DIELECTRIC CONSYANT)
- -... t93 (DISSIPATION FAC.OR)

I_. 20 . .

0-9U 20 20 40 60 8 0 -

n- -,0,-... . • .0=- 0-- -- 0D-. - .W,

0 20 40 60 so 100 I20 140 |

0 TEMPERATURE 1C)

Dielectric constant and dissipation factor as a function of temperature. Both properties
are hysteretic and require about 24 hours to return to the original value. This hystere-
sis is due not only to the heating but to a temporary & tructure change. Data taken at I kc.

75

=40 50 W0 70 90 90 100 110 120 I130 140 I15C

,"EMPERATURE (00)

Dielectric constant as a function of temperature at 1 Mc

C These data are taken on yellow lead monoxide in polycrystalline sintered pellets. The

material is prepared by heating the red tetragonal form at 700'C for t~vo hours. The
yellow form is then stable at 2.00C, Resistivity is about 5 x 107 ohm cm.

S~(Ref. 8617)
19
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RESEARCH AND TECHNOLOGY DIVISION

AIR PORCE SYSTFMS COVMMP C4D

4

PNIPAWt3 NY ELECTRONIC PROPERTIES INFORMATION CENTER * HUGH&$ l ",CRAFT COMPANY, CULVER CITY, CALIFORNIA

LEAD OXIDE

DIELECTRIC CONSTANT (C)

20

20 ic

2 o -. MCA

10

01 FREQUENCY

20 40 60 W 1O0 McCA)
2 4 6 I0 (Ac/s)t~FRE0uENCY

FREOUENCYv

Curves of dielectric constan' and dissipation factors for same material as on preceding
page. Data is taken ap a function of frequency at 20°C.

(r.ef. 86"7)

20
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W

PREPARED SY EL9CTNONIC PROPERTIES INFORMATION CENTER * HUSHES AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

LEAD OXIDE
ELECTRICAL CONDUCTIVITY (a)

- (oK)

S710 520 500

I- - !

t 10...A.

00

UA

I'Mhl 4 -() 3 1. 5 , I -O 19 , .

0-10
10-7

i0-" -- i0-0 0

TEPR~pATURE (0 1-3 1.4 L5 ,6 1 LBS L.9 2.0 2.1

10'fTEMPERATUA!E (0101)

log Electrical conductivity as a func- log Electrical conductivity as a
tion of temperature for pure lead function of reciprocal temperature
monoxide in pressed powder pellets, for 2 samples of purified lead
These are annealed at 600 C at monoxide, yellow orthorhombic, in
atmospheric pressure. sintered pressed powders.10•IC e incr tmpe rature

(Ref. 3936) Sample I idcreasing temperature
Sdecreasing temperature

Samle~ Ix increasing temperatureSampleU
lo decreasing temperature

(Ref. 9490)
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P*EPAMED 7Y RLECTEOWIC PROPERTIES INFORMATION CENTER H NUGH&S AIRCRAFT COMPANY. CULVEN CITY. CALIFORIA

LEAD OXIDE

ELECTRICAL CONDUCTIVITY (a)

l0o S00 333 250 2W0 170

iO-I

- I

10-Ia

1 2 3 4 5

I O/TEMPf IEATU (OK)

log Ele-t'rcal conductivity as a function of reciprocal temperature in lead monoxide
films, vacuum deposited. Layers were 1-3 microns thick with initial resistivity of
109 to 1010 ohm cm. These layers were not photosensitive.

Heating in air at 7230 K for 10 minutes changed colour from yellow to orange and raised

the energy gap from about 1. 5 eV to 2. 0 eV. Heating in air, sulfur or seleniunm pro-
duced photovensitive layers. When heated in sulfur vapour, the film becomes sensitivein the visible because of the formation of lead sulfide which is sensitive in the infrared.

Unheated
-..-- Heated
I, Z-heated in sulfur vapour
3- heated in selenium vapour

(Ref. 3551)
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LEAD OXIDE

ELECTRICAL CONDUCTIVITY (a)

500 333

'A 'LOG a LO C

T

I ,

:•2 3 2 3 2

S log Electrical conductivity, as a function of reciprocal temperature in and surLace
Sof polycrystalline, red, lead monoxide.

I surface conductivity
2 volume conductivity
3 " volume conductivity- of a sample dried for 15 truin. at 30-40'C

a. non-activated sampies
b. activated by heating to 140'C
C. activated samples kept in moist air for 10 days.

During heating, the loss o( adsorbed moisture result,' in a decrease of conductivity, in
the surface layers. Heating also causes absorption of ox'ygen at first in the surface

C.ýayers and then throughout the bulk. The hysteresis is conm•,'ted with changest in the
e-inergy structure resulting ,.tom lattice ordering which starts at 6115°C,

(Ref. 3415)

23
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A I R FO RC S YST IlEiS C 01MI A N O C R T

FfttPA~iO BY &LgCTROMIC P01PNICtl IMPOIRMTI4W 'UNTI11 • U*149 AISWAPT COMPANY. CULVIER CITY. CALIFORNIA

*I I I I.

LEAD OXIDE

ELECTRICAL CONDUCTIVITY (a)

(OKI

710 020 553 500

log Electrical conductance as a function of
reciprocal temperature in lead dioxide,
(analytical grade). The change of sly;ie at t
563 0 K (290 0 C) marks the dissociation O\077W
temperature of lead dioxide. The slope of
the curve is indicated.

(Glef. 10S17) 1 0 46 v

.4 I is 2.0

IO/TMpfRATUv4 (ft')

fft)

500 333

log Electrical conductivity as a function of
reciprocal temperature in single crystal
red Icid rnonoxide.

The hysteresis evident in the curves indi-
cates structu:al rearrangement and

t-C absorption processes.

SCurve Slope

A AB, A'B', AE = L.25-1.50eV
ICD E = 0..58-0.71 eV

S(Ref. 16601)
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"PRlSPtdO el £LE1CVM0'tNFc PR@PtWTIrSlS INCMRMA'ION CSNTSR * HUGHES AICNAlPy COMPANY. CULVAR CITY. CALIPOPINI"

LEAD OXIDE

ELECTRICAL CONDUCTIVITY (0)

oe

500 333 50O

_a uncolouxed sample

(no field)
ab coloured sample as

a result of illumni-
nation in the visible

-a (.4 to. 5 pL) in an
o electric Feld of

a'u 1; 3 V/cm

2 3 4 1 2 3 4

iW~TEMPERAYURE 40K ^'I

Electrical conductivity as a function of reciprocal temperature in pressed powder lead
monoxide pellets. The peliets were activated by annealing.

Colouring is blut, for red lead mono•ide, and green, for the yellow lead monoxide.
C.lour, appearing at p)aces where there are defecta, is proportional to field intensity.
Heating destroy-s the colour.

Phctosersitivitu decreases with the colouring process, and colou ring occure only at
waveiength.s for which photoconducti'r-ity is strong (. 436, .546, . 579 micrnr.). Coiouring
also changes the optical properties of zhe samples a•, ,iay be seen in the reflectivity
spectra.

(Ref. t46ZZ)
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PI'EPAREO SV ELEC-TRONIC PROPERTIES INFORMATION CENTER H UGHES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA

LEAD O4XIDE

z'LECTRICAL CONDUCTIVITY (a)

Tfl V(OK)

---- P6O#QI 609bNt"O f0 660 550 500 Qfl
+ -- PbO + 2Su I"% 10-4

i PbO me" PUITY T o'L'
*Pao +0M "M %&,C

NA 40 *UN1619 ITY

% *\

V 10

4~~ 1.5 i 1t19 20 21

10/TEMPEWTURE K' 10-V

13 14 15 16 17 I8 19 2,0 21

log Electricail conductivity as a lunction of reciprocal temperature for sintered yellow
lead monoxide, various!ý doped with sodium or barium cations.

The de-cisive "actors in the activation energy changes arc apparently not the nature of
the cation but the degree of filling of the oxyg~en layers as w~l as the change iniŽ-
-ititial formations by the cations (so called defect order mechanism).

(Ref, q493)



RI,,"'A"+' AND TEC,"NOLOGY" DIVISION N . ImC I• ++'O
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rREPAPED BY EL.ECTRONIC PROPERTIES IrORMATION CENTER* HUGHES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA

LEAD OXIDE

ELECTRICAL CONDUCTIVITY (a)

(QK) (OK)

S770 660 620 580 555 526 500 480I¢" 6W0 555 500 490

Tw I It C I _ _ _ _ _ _

10-4 0f/t- - 0K+oM,%L(0
--ith0ium or eenm . . %

(Ref111. 9493)

"•"" ..... ++ b•0+0,05 NoI%K20 IO'I ... IOO M €%,!

0 -- bO NIGH PURITY T F'b.. .. •rl +O.ZMol%!k0

Io'

W OOlSuns.j •+• , ... . , mo.~ i moW L,,U ,,
)" o" "

_to \, .0

t 1. 11[S 9 2 .

""3TMPRTR \ ":K --11,
io/ E PRTR io-iO "I

log Electrical conducti•vity a~s a function of reciprocal temperature for high purity
sintered yellow lead rnonoxide doped withu. potassium, lithium, or selenium.

(Ref. 9493)
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PREPARED BY ELECTRONIC PROPERTIES INFORM4ATION CEUITER HUGHES AIRCRAFT COWPAN'. CULVER CIVY. CALIFORNIA_ I -. -_,
LEAD OXIDE

ELECTRICAL CONDUCTIVITY ()

(OK)

770 IWO um

%C' Zs%C*0o
%C2 03  03

- Po+LOMOI--b*0.I -PWO#2OM

% %Cf2 03  %Wa2 03  '~%Cool

S10-71 -j I

Si0-0

1.3 1.5 1.7 1.3 1.5 i.7 1.3 1.5 1.7

I0S/TEMPERATU*E (OK-'1

log Electrical conductivity as a funcUon of reciprocal temperature for sintertd yellow
lead monoxide powder pellets, variously doped with chromium, neodymium or cerium.

-Undoped commercially pure lead oxide sample shown for comparison.

(Ref. 9493)

28



RESEARCH AND TECHNOLOGY DIVISION IC
A AIR FORCE SYSTEM& COMMAND(9 "__'_________c

PREPARED MY ELECTRONIC PROPERTIES INFORMATION CENTER * HUGHES AIRCRAFT COMPANY, CULVER CITY, CALIFORNIA

LEAD OXIDE

ELECTRICAL RESISTIVITY (p)

Sample
pressed powder

Value ((3cm) discs Temperature Reference

10-15 PbO2  300°K 14479

-t 0-10 Pb 0 300°K 14479

-10 Pb 2 0 3  300°K 14479

_t 012 Pb3 04 300 0 K 14479

14 0-10 PbO (yellow) 300 K 14479

2I
ij

K5
i2

V.
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PREPARIED BY rLECTRONIC PROPERTIES INFORMATION CENTER HUGHIES AIRCRAFT COMPANY. CULVER CITY, CALIFORNIA

LEAD OXIDE

ELECTRICAL RESISTIVITY (p)

S25
I--

0 25 50 75 100 125

PARALLEL ELECTRIC FIELD (V/mn) 0 25 50 75 100 125

TEMPERATURE (c)

Resisti•vity as a function of a d. c. Resistance as a function of
electric field applied parallel to temperature at 1 kc for the
the sample of sintered yellow lead same sample.
monoxide.

2

0 I 2 3 4 5 6 ? 6 9 10

FREOQUENCY (Mc)

Resistance as a function of frequency to
10 mc for the same sample at 300 0 K.
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RESEARCH AND TECHNOLOGY DIVISION

PREPARED BY ELECTRONIC PROPERTIES INFORMATION CENTER HUGHKE AIRCRAFT COMPANY, CULVER CITY, CA.IFOI6NIA

LEAD OXIDE

ELECTPIICAL RESISTIVITY (p)
SLead monoxide layers are formed by
sputtering lead in an oxygen atmosphere.

T The original film samples were always
1O01 T n-type, teLragonal in structure as evapo-

rated in a reduced pressure oxygen
atmosphere. On annealing, the colour

ORTHORHOMBC changed to yellow, indicative of tht ortho-

rhombic form, and became p-type. The1 01 transition occured as low as 350oC;
0 I evidently low oxygen pressure depresses

" Ithe conversion temperature.>0I. -. ,-l- - IL
I- t In the tetragonal forn,, tie resistivity is

I ±fairly independent of oxygt.n pressure
-m until it becomes high. In 'he oithorhombic

"fTETRAGONAL ofrm, the resistivity is b:nsitive to the
10' TERGOA pressure.

4 Resistivity as a function of oxygen pres-
sure during heat treatment (at 300 C).

109 Measurements taken at 20 C.
I 10 100 1000

OXYGEN PRESSURE (MICRONS)

High purity lead oxide films were vapour 10"-
deposited under oxygen at reduced pres-
sure of 1 micron. These polycrystalline IO-
films had crystallites I - 3 microns in
size. As deposited, the lead monoxide is 1O-9
always tetragonal. When heat treated at ,-- STETRAGONAL- 0
300 C at 0.5 to 400 microns oxygen pres-
sure, there is a transition to the ortho- I0YO-O
rhombic form. O.

At lower fields, the slope is I indicating W 1010
ohmic behaviour; at higher fields, the 0
slope is 2 or more, indicating space- ' 10"' -

charge-limited current. ORTHORHOMBIC

Red lead oxide has a deformed lattice ,'nd i0-12

an active surface and reacts vigorou.iy
with oxygen. The lattice is layer type and 0 .

C( the ionic distances are short (2.61A in the to 100 1000 10,000
'-yellow and 2.7 -ir the red). FIELD (VOLT/CM'A

(Ref. 26041)
Current-voltage curves taken at 20 C
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PREPARED SI ELECTRONIC PROPERTIES INFOnMArIOtN CENTER * HUOG-I ,*4,.k,.. ... R LfT. CIPkORN9A

LEAD OXIDE

ELECTRICAL RESISTIVITY (p)

I .10-I4A - - , -- " Current-voltage curves for single crystals
.,,i of red tetragonal lead monoxide.

Ic o increasing voltage
I~ i 4  U O j 4 decreasing voltage

Between -2V and i. 5V, the curve indicates
z" -2- two opposing diodes. At higher voltages a
"1 gradual increase of the reverse current is

°I-F A I i -34o. observed. Between 10 and 1ooV there is a

reversible breakdown during which the
current increases by several orders of

VOLTAGE (V) magnitude in a very small voltage range.

Current voltage curves for the same
sample, taken with triangular voltage II
of 10 4 s period. Most of the measured -15.10-1A

current appears to be due to the
charging of the barrier capacitances, 10
which are estimated to be 160pF at 2 V
and 125 pF at -2V. A/

These valuei are the lower limits for Q , -
-2 1 2the true barrier capacitances, since /

the half period of the voltage (5000 s) //-_
is not sufficient to build up the corn-
plete barrier change. The lower linmits ,-0
for twelve contacts lie between 50 pF
and 1500 pF. -'4

----- static current-voltage curve. E-
VOLTAGE CV)

(Ref. 22373)
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PREPIARDO mY 4LICTRIONIC PROPIERTIES INFORMATION CENTER H NUOGIES AIRCRAFT COMPANY. CULVER CITY. CA LIFORNIA

LEAD OXIDE

ELECTROACOUSTIC PROPERTIES

Value Method of Temperature
Symbol (eV) Sample Measurement (OK) Reference

LO 0.055 Red, tetragonal single Optical 133-363 2780J
crystal Pbo 4-245 • absorption,

TO 0. 034 thick. n-type, 6530-4000A
n = 1017 cm-3.
(001) oriented.

Acoustical 0. 013 Red, tetragonal single Optical 133-363 27801
Phonon crystal PbO 4-245 .i absorption,

thick, n-type, 6530-4000A
n = 1017 cm" 3

(001) oriented.

.. • Optical 0.030 Red, tetragonal single Optical 133-363 27801
Phonon crystal PbO 4-245 ýL absorption,

thick. n-type, 6530-3000A
n= 101 7 cm' 3

(001) oriented.

Photon 0.01 Yellow PbO platelets Thermal 27776
Branch 0.1 -0.2 mm thick. condugtivity

-_200 C

LO is the longitudinal optical phonon branch.
TO is the Lransverse optical phonon branch.

i3I II ILI I .
€3
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PREPARED MY ELECTRONIC PROPERTIES INFORMATION CENTER * HUGHES AIRCRAFT ZOMPANY. CULVER CITY. CALIFORNIA

LEAD OXIDE

ELECTROACOUSTIC PROPERTIES

ChR- 
I 0.04m.I b

2-1

e 30 ) -

ad4. 5!5(v) h-l 4e)15c'

II .0 00 00O.0Z 0.05 0.1 0.2 0.50V 2.6 2.7 2.6 2.9 3.0 3.1eV
-- awn h - 2.S4 *V- h

PHOTON ENERGY

a normalized absorption ccefficient

b absorption coefficient of initial and excess absorption as calculated and their
sun as measured.

Absorption curve above a =1000 cm- as a sum of contribution from the indirect
transition:

a. 8. 8 x 10 (hv) I(hv-i. 94 eV) 2cm-

and from direct- transitions:

a d = 3.3 X 10 (hv) (hv-2. 84 eV) . ctn

o and A = value s ij, c rystals 4 and 8. 7 thick lessa u hv

a. = initial atbsorption

a d = excess ahsorption
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AIR FORCE SYSTEMS COMMAND

PREPARED 8V ELECTRONIC PROPERTIES INFORMATION CENTER * HU0HES AIRCRAFT COMPANY, CI,.LVER CITY. CALIFORNIA

LEAD OXIDE

ELECTRON SECONDARY EMISSION

0.8

0.4 L... . I I I oI p

0 2 4 6 B 10 '2"[4 [• | 20 22

PRIMAR"Y ELECTRON ELrERGY ISV)

SSecondary electron emission coefficient a.; a function Af primary electron energy in !

vacuum deposited lead monoxide films, oxidized after evaporation by heating in oxygen

at 400°C. (Thz• maxim- xn coefficient is 1. 2 . .0). From theoretical considerations,

the photoelectric wor1k function is assumed to be largel than 3 eV.
I

+(Ref. 21307)
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PREPARED 8Y ELECTRONiC PROPERTIES INFORMA7ION CENTER H IUS•,ELS AIRCRAFT COMPANY. CULVER CITY. CALIFORNIA

LEAD OXIDE

ENERGY BANDS

Value Method of Temperature
Symbol 110°4eV/°K) 5ample Measurement (0K) Reference

dEgz/dT -(1. 32) Red, tetragoaial Optical 300 27801
PbO single crys- absorption

tal plates, 4-245R X 0. . 6 5-0.40 R
thick, (001)ori- T= 133 0 -363 0 K
ented n-type
n = I0 1 7 cm- 3

dE gl/dT -(. 0*0. 1) Red, tetragonal Diffuse 290-573 14605PbO, mnnealed reflection

at 600 K X = 0.4-0. 7K

dEg2 /dT** -(8.0* .0) Red, tetragonal Diffuse 290-573 14605
PbO, a.nnealed reflection
at 600°K X = 0.4-0. 7K4

dE /dT** -( 1. 5± 1) Yellow, PbO Diffuse 290-573 14605
g orthorhombic reflection

X =0.4-0.71

dE gl/dT -( 3 .0 1 .G) R.d PbO, aut iDiffuze 09--400 I 4t 5
annealed, I reflection
(irreversible =4. 7 R
change)

dE g/dT -(1. 4 ±0.5) Continued Diffuse 400-573 14605hea~ing to reflection

573 K, k = 4.7
(reversible
change)

dE gz/dT -(3 1 I) Continued Diffuse 400-573 1460S
heating to ref.lection
573 K, K= 4.7
(reversibie
change)

SEe 2:= 1. 952 -(2, x 10" eV from 133 K- 363 K. The derivative of the indirect
bind gap at 300 0 K is as given above.

**Shift in energy gap with temperature of these two forms is practically an order of
magnitude greater than for the majority of semiconductors.
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'/ AIR PONRCE SYSTIMS COMMANa0

PREPAIR9 OY gLgCTR@NIC PROPENTIES !NFONlMAriON CaNTIN * mUGNI AIRNRAFT COMPANY, CU.LVER CITY. CALIFPONRA

LFAD OXIDE

ENERGY BANDS

WMELENGTH, to)

060 0.65z 0.636 0620 0605

12 ---
-CALCULATZO

00 2 1J 9 ° K
.0.

| - 247 4K

6

179 Ox

L 2140 OK

U0

POTON ER.

Absorption coefficient as a function -f photon energy in tetragonal lead monoxde ear
the absorption edge, for several temperatures.

Single cry-1tals were grown hydrothermally and the transparent red platelets were iron)

4-245 p thick. 'rystals were generally n-type, . 1_c- and (001) oriented.

Iilumiz.atkon .)arallel to (001) ft;r" t,;30 to 4000A.

The vertical %cales have been shifted over 2 cm (-r the d1ft-rent temperaturt-i.The verica difeen t:•ertL

The measurements indicnted with dots have not been included oi the finai least-.-qzar"

fit. If, witn hv < 1.88 eV, the measured transmitted intensity J1Ceeds. the catcuiated

one, the a . Z value has bezn drawn as nrgvti-ve.
'Rel. 2,7 G
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LEAD OXIDE

ENERGY BAN)S

5 Energy gap as a function of temperature
1.W for samples shown on previous page,

- E =1. 95Z-2. 2x 10- 7 TeV

E = 1.953 -O.05(exp(•50/T)-.)" -VS~g

E is the indirect band gap.
g

_(Ref. Z7801)

0 1. 0 2W 30 400

TDOCRATC•' (K)

PHOTON ENERGY (eV1

62 49 41 3, 23

ec.

Shift in trasmission as a function of
wavelength with temperalure for icad £ 40
dioxide. <-

- .iO3JI•, c,•

iRef. 3•!3) 0220 025 050 040 0)30

WAWItLE4kGTv4 (p*)
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PREPARED BY ELECTRONIC PROPERTIES INFCRMATION CENTER * HUGHES AIRCRAFT COMPANY, CULVER CITY, CALIFORNIA

LEAD OXIDE

ENERGY GAP

Value Me.!hod of Temperature
Symbol (eV) Sample Measurement (OK) Reference

EgI 2.84±0.03 Red, tetragonal Optical 3,00 27801PbO single absorption

(Direct) crystal plates, X= 0. 65-0. 40'p
4 - 2-6 *p thick, Incident light
(001) oriented, parallel (001)
n-type7  T = 3000 Kn= 1017cm-3

Eg2 1.936±0. 01 Red, tetragonal Optical 300 27801
PbO single absorption

(Indirect) clystal plates, X = 0. 65-0. 40 pL
4-245 p. thick, Incident light
(001) oriented, parallel (001)
[ n-type. T = 3000 K' ~~n = 10 1'c-

Eg2 2. 1 ±0. 03 Red PbO Diffuse 0 14605
powder reflection

%- 0. 4-0. 7
T = 290-573 0 K

EgI 3. 15 ±0.05 Red PbO Diffuse 0 14605*powder reflection

k=0. 4-0. 7
T = 290-573 0 K

Eg2 2. 07 ± 0.03 Red PbO Diffuse 300 14605*powder reflection

X =0. 4-0. 7
T = 290-573 0 K

Egi 2.92±0.03 Red PbO Diffuse 300 14605:
powder reflection

X =0.4-0. 7p
T = 290-573 0 K

*This author suggested that the two energy band values ENj and Eg2 with a difference
S'" of about I eV might be due to the presence of yellow PbO impurities present in the red

form. However, the most recent work shown in Ref. 27801 indicates that the smaller
value is the indirect transition and the larger value is the direct transition on the
assumption that two different conduction (or valence) bands are involved.
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LEEAD OXIDE

ENERGY GAP

Value Method of Temperature
Symbol (eV) Sample Measurement (OK) Reference

E 2'. 17±0.03 Red PbO Diffuse 0 14605

powder reflection
unannealed 11 = 0.4-0.7&

T = Z90-5730 K

E gI 2.1 0.04 Red PbO Diffuse 0 14605
powder reflection
unannealed X =0 .4-0.73
- ~T =290-5736K

E 3.0 ±0.1 Red PbO Diff,.se 0 14605
powder reflection
heated, k 0.4-0.7
(reversible T = 290-573 0 K)
change)
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LEAD OXIDE

ENERGY GAP

Value Method of Temperature
Sym.bol (e V) Samp!I e M eas u rement (OK) Refe rentce

E 3.0 Pb0, yellow Optical 300 16327

g single crysta]s absorption
,~ k=O0. 4-0. 51

E 1. 96 ±0.06 PbO, yellow Optical 300 16602
g single crystal transmission

photoconductive 0 = 0. 4-0. 7 p.

E -.. 9 PbO, yellow Photoconduc - 300 16601
g single crystal tivity maxi-

photoconductive mum at 0. 61 p.

E 3. 1 0. 1 Yellow PbO Diffuse 0 14605
powder reflection

X=O. *.-0,7

T = 290-5730 K

E 3. 2 pure, yellow Electrical 0 9493
g P0O powder resistivity

PbO polycrys-

talline films,
reduced oxygen
pressure,
50-75 F± thick

E 2. 0 red tetragonal PhoLoconduc- 300 26041
g tivity maxi-

mum

E 2.6 yellow Photoconduc- 300 26041
g orthorhombic tivity maxi-

mum

E 2. 0 red tetragonal Optical 300 26041
g absorption

0.6l. 35-0.6-5

E 6 yellow Optical 300 Z6041
g orthorhombic absorption

k 0. 35-0..65 4

41
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AIR FORCE SYSTEMS COMMAND

PREPARED BY ELECTRONIC PROPERTIES INFORMATION CENTER H IUGHNES AIRCRAFT COMPANY. CULVXR CITY, CALIFoRNIA

LEAD OXIDE

ENERGY GAP

-- ~1
Value Method of Temperature

Symbol (eV) Sample Measurement (OK) Reitrenct

PbO poly-
crystalline
films,

E 2.6 yellow, 11.6 ý Diffuse _5 14606
g particle size reflection

k 0. 1'-0, 8 , ,i

E 1.9 red, photo- Diffuce 300 11606
g sensitive reflect;-' I

7. 7 ý particle =0- 4-0.1ii±
size i

E 2. 2 red, photo- Di Iiuse . 00 i !A06
g sensitive reflection I

7. 7 F particle k = 0. 4-0.Mii
size

E 4.45 ±0. 032 PbO0 film, Optical I Ui
g vacuum absorptioil

cd'posited \=0.41-0. 25

42I
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LEAD OXIDE

ENERGY LEVELS

Value Method of Temperature
Symbol (e V) Sample Measurement (OK) Reference

E 0. 9 5CB Single, crystal, Photoconduc- 300 22373
red, tetragonal, tivity long-

(PbO surface state) n-type, PbO, wavelength
(001) oriented, I mit
n = 101 7 cm-3

. 0.5 Bi PbO films, Photoconduc- 293 16794
T Bi-doped tivity at

yields n-type, \=.5950A,Tl-dopcd is increases

p-type sharply in
doped films,
de-cnclidig on
ill arnination
intensity and
tcnp-rature

Ri. 3 Oxygen Acd, tetrag,-,ial `I~otuco(jduc 134006
T3bO layered ÷i.,

crystal Iattlce

t filled with
S+,gen and
dt.gree of
I iling Aer-
rnine.ý the j~irri

I NL sinto (,I LI~dC L t V

pe L
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PREPARED DY ELECTRONIC PROPERTIES INFORMATION CEIITER * HUGHES AIRCPAFT COMPANY, CUL.V'ER CITY. CALIFORNIA

LEAD OXIDE

ENERGY LEVELS

Yalue Method of Temperature
Symbol (eV) Sample Measurement (OK) Reference

E. 1.48-1.52 Yellow PbO Electrical 300-673 3551
films, 1-3 t conductivity
thick, vacuum-
deposited and
not photo-
sensitive
p= 10 9 -l1 t0 flcm

E. 2.0-2. 2 Orange Pb0 Electrical 300-673 3551
1 films after conductivity

heating to
450 0 C in air
become photo-
sensitive at

0=O. 4-0. 7±
p= 109 -10 1 0 cm

E D electron ionization level

F.A, hole ionization level

F,,, ionization or activation level

E•, ierrni level
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PREPARED MY ELECTRONIC PROPERTIES INFORMATION CENTER - HUGHES AIRCRAFT COMPANY, CULVER CITY. CALIFORNIA

LEAD OXIDE

MAGNETIC SUSCEPTIBILITY (X)

Value Sample Temperature Reference

-42. Ox 10-6 cgs PbO 300°K Handbook of Chem. and Phys. 47th Ed.
1966-1967. p. E-105.
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AIN FORCE SY.TEM. COMMAND

PREPARED BY ELECTRONIC PROPERTIE8 INFORMATION CENTER * HUGHErS AIRCRAFT COMPANY. CULVER CITY, CALIFORINIA

LEAD OXIDE

PHOTOELECTRONIC PROPERTIES

PHOTON ENERGY (eV)

31 2.b 2.1
!.0

0.9

t a.8}-
z-) 0.7

0 0.6

,- 0.5

- 0.4

> 0.3
00.2

0.1

0.4 0.5 0.6 0.7

WAVELENGTH (p

Photovoltage as a function of wavelength in lead monoxide powder.
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PREPARED BY 9LECTR*NIC PROP9RT1ES INFORMATION CENTRl * HUGHES AIRCRAFT COMPANY, CULVERN CITY. CALIFORNIA

LEAD OXIDE

PHOTOELECTRONIC PROPERTIES

PHOTON ENERGY (WV)

I.7 0.62

16-"-"--"---.

14

,.=- -I

10 PRE-

12

•=I0. IR[

, I

a 6 *l

K ~4 b
I

2 o , I 4

oL
0.8 1.0 I 2 1.4 1.6 1.8 2.0 2.2 2.4 2.6

WAVELENGTH (1)

0
Photocurrent as a function of wavelength in lead monoxide films at 300 K, variously
treated. Thickness = I -3 microns, p = 10 9 -10 0 0cm.

--t--... c Annealed at 450 0 C
o 1. Sulfur-treated ant thein heated in air
0 2. Selenium-treated and then heated in air

The right hand portion of the graph ehows the long wavelength portion of the curve on an
enlarged scale. Electrical resistivity of the material is not materially changed by the
treatment, but the photosensitivity is greatly increased. Eviderntly the photosensitivity
is caused by introduction of sulfur and - :eium atoms into the lead oxide lattice.

(Ref. 3551)

C
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PREPARED SY ELECTRONIC PROPERTIES INFORMATION C9NTER * HUGHES AIRCRAFT COMPANY, CULVEN COT-. CALqFOR1NIA

LEAD OXIDE

PHOTOELECTRONIC PROPERTIES

WtELiENGTH (/•)

0.4 0.6 0&I is the non-linear photoconductivity
(&I-Lx) and the index x equals 0.66 for

60 10low illumination and 0. 35 for higher
dintensities. The index also varies with

dapplication of intensity and the curve is40 .hysteretic. There is also a relative
40 3increase in the short-wave spectrmrn.

<5 All these variations are apparently the
,. •result of surface changes.

(Ref. 16601)
Photoconductivity as a function of photon

0 0 energy in single crystal lead monoxide,

3.0 2.5 2.0 both red and yellow,

PHOTON ENERGY (V) p = 101 0 -lO1 2 0cm
T = 3000 K

Curves 1, 2 and 3 are variously iliumi-
nated and recorded.

Yellow lead monoxide films, vapor- PHOTON ENERGi (Ov)
deposited at high temperature in oxygen, 3.1 2.6 23 19 17
were further anneale% at 4000C. I

The shift of the photoconductivity maxi- I00
mum to the red with increasing thickness
is probably a result of increased absorp-
tion at long wavelengths. 50

Photocurrent as a function of wavelength 5in lead monoxide films of several

thicknesses.

1. .6 ji 0.40 0.4. 0 5 0.64 0 72

,d. 5 . 4i AtNOHIa

3. 11 Ii

,48
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LEAD OXIDE

PHOTOELECTRONIC PROPERTIES

_ _ _Lead monoxide films are irradiated with x-rays
"go under a dc electric field. The currernt through

Ii )0 /the layer rises to a maximum and then decays
to a minimum. At this point, if irradiation

2 60 ceases, there is further decay to normal dark
6 o 0 PNOTOCUMT? current. Onset of irradiation now initiates

photocurrent or, depending on several variables
z 40 can cause overshoot as a result of electronic

processes, in the bulk material,
E 20 0v W" O O ,MN Current as a function of temperature for lead

S__ monoxide films.
-0 40 0 40 00 1. Photocurrent at steady state

TEMPERATURE (C) 2. Overshoot
3. Dark current

These curves shift, depending on sample prepa-
ration but in general remain re'atively si.nilar.

0

Lead monoxide film is cooled to -103°C and 6
irradiated by x-rays. Current is measa:.-a
during warming, at 230V. The curve indi-[
cates that trap levels are concentrated 4

below the conduction band from -50 to-85°C,
the temperature range which shows over-
shoot (see above). At higher temperatures, 2

the holes become mobile and leak off at the
electrodes; there is no space charge build-
up and photo-urrent increases. At lower 0 j

temperatures overshoot disappears and - -4 -75 -40 -)
photoct,-rent decreases as i result of TEMPERATURE jOC}

higher trapping and recombination rates.
(Ref. 5894)
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PREPAMCD BY ILECTRONIC PR@Pgt*ICG INFORMATION CEN'Tri HUGIlHS AIRCRAFT COMPAS•Y. CULVER CITY. CALIFORNIA

LEAD OXIDE

PHOTOELECTRONIC PROPERTIES

The photosensitivity of the surface layer
of polycrystalline red lead oxide powder
is compared to the absorption spectra as

plb•07W EKI (.v) a function of wavelength at 3000 K.

W 1 e particle

o 1. Photocurrent inte. qity
of the red monox-ae 7.7 li

I'l £x 2. Photocurrent intensity
with illumninat-on

12applied wit., a rever-
1 .10 •sal in spectrum

60- 4. Absorption coefficient
for yellow lead mon-

2= = •'.oxide powder 6 IA

W + calculated
A experimental

5. Absorption coefficient

for red pouwder

* calculatedII O experimental
Considerable photoefhect is observed in

4 tne red oxide at the edge oz" the inherent
absorption and is indicative of an addi-
tional absorption band in the . 46 to . 65
mic run region.

0.4 GOL Oxygen is first absorbed or tihe surface
of the sample, leading to the lf-a'm.:ztton

U•!~rEI•TN • of surface imnurity states which latter

initiate the photoe,•tects in the long
wavelengths. In addition, as -the oxygen
is introduced into the lattice, photo-
conductivity is further :mc:eased.

(Ref. 14606)

b0I
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LEAD OXIDE

PHOTOELECTRONIC PROPERTIES

Photocurrent as a function of voltage in
2 X lO'4 PHOTONS tetragonal and orthorhombic lead mon-

SE/ oxide films.

SIo- The films were heat-treated at 300 0 C
under i micron oxygen pressure,

// i
10Il 7/(Ref. 26041)

DARK ORTHORHOMB;C,o-" "//01A THICK€

tO 1010 10"-5

VOLTS' )
iO 9

of voltage, an upper limit of photos ensitivit ' ' 3'•U'•

j i. attained at which the photocurrent cannot */.bARI( CURRENT-
be distinguished from the dark current. The tO0'

S dotted line indicates the current level at which
the quantum gain (carrier pairs/produced/!- *TTAOA

photon. absorbed) is equal to 1 *TTAOA
"Whigh applied field, photocurreirts are comt- .o I t0

parable to the space-charge -limited dark c e TS
c urir ent. lvawi

51
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LEAD OXIDE

PHOTOELECTRONIC PROPERTIES

-4

-260C O C /ý
6 - log Photocurrent as a function of log light

intensity in bismuth-thallium doped lead/// imonoxide films at several temperaýares,
7/ I as indicated on the curves.

/PURE MATERIAL
/ (UNITY GAIN) a. pure material

-e - / .. b. slightly more of the bismuth and
- /thallium dopant increases

activation

-9.. Measurements taken at
0

-go ' ' A= 5950A

(Ref. 16794)

-11
-3 -2 -I 0 I 2

LOG LIGHT INTENSITY toW)

Photocurrent as a function of light inten- O -II

sity for a red tetragonal lead monoxide

film. I i r,-WAO

,xgen pressure during heat treatment at
300 C was 5 microns. Film thickness is

63 microns. 10.11

Measurements taken at
C, , I , , (ii)

X= 5600A i09 io *0" Wo lo0l

and 0. 6V (Ref. 26041) LIGHT INTENSITY /PHOTON5/cM-UC)

5,'.
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LEAD OXIDE

PHOTOELECTRONIC PROPERTIES

PHO0TON ENERGY (Wv

4.1 315 3'1 2.5

1.0 * . 0 i

~ 0.5 3801 .Quantum gain, (or efficiency) =(carrier
I'

pairs pro'luced/photons absorbed) as a

* 05 .function of wavelength in single crystal

0.25 The quantum efficiency is at a aximum
* ** * and constant from 3800 to 3100A. U

(3000 3900 4000 4500 5000 5500

WAVELLENOTH(1

Quantum efficiency as a function of wave-
limn;h in red lead mqnoxiole p'hotodetector.10 '.

Bulk resistivity = 10~ - 10'* (cm 10 Volts,
illumination normal to sample. ~. \

------ Theoretical curve calculated from
barrier width, absorption coeffi- , 0.5
cient and carrier diffusion length.
Values used are L a 1. 2 j, B = Il.5
(corresponding to ahole oncen- 0.2
tratlon n~ = 2 x 1016c,)

(Ref. 25717) 0
3000 3500 4000 4500 5M0 5500

WAICLCNtWH (1)
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LEAD OXIDE
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WAVELENGTH (#)
1,2 0,3 0.42

5 ,

4 --,----

447

3----

0.0

1.0 1.5 2.0

PHOTON ENERGY (lV)

Th1- o-fflie roe%# #%f the quantum efficiency as a function of phntor snergv in a red lead
Tr, "4c le. Ti. threshold energy is indicated at 0. 95 eV. The reverse voltages

are indicated on the curves. These values give a calculated barrier width of about 0. 1
micron and an electron mean free path equal to 0. 01 microns. nn = 1017 cm" 3 .

(Ref. 22373)
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III A I|
44 1d4

22

4 2 24 0
OIL- I ... .

0 0.5 1 1.5 2 2.5 3 0 0,0 9 .I5 2 2.55

VOtTAGE Wi

Current-voltage curves for yellow lead monoxide films vapour-deposited from the yellow
powder in a vacuum or formed in situ by evaporation of lead in oxygen atmosphere.
Film thickness varied from 0. 5 to 10 microns. Resistivity from 1017 to 1015 cm.

Id dark current
11 photocurrent

It was possible to change the polarity of the substrata and:

A positive substrate (in relation to film)
B negative substrate (in relation to film)

1. dark current
2. 38 lux illumination intensity
3. 216 lux illumination intensity
4. 420 lux illumination intensity

(Ref. 3421)

0o
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PHOTOELECTRONIC PROPERTIES

Pt4OYN tENERGY I#V)
2.6 2.1

00

TETRAGONALI

435-i°

30 \ .-0RTN0RW04M89C

[0 I
%0%

300 4000 5300 5S00 $3O00 U0

WAVELENGTH (0)

Photocurrent as a function of wavelength in tetragonal and orthorhoinloc lead monoxide
films.

Tetragonal: Heat treated at 30f90 C and 0, 'i micron oxygen pressure.
0. 54 micron* thick.
voltage = I^A V.

89 microns thick.
Voltage a 10 V.

Ligt itenityisapproximately equal for the two types of film.L(ght trhH t-t

.16
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LEAD OXIDE
RICHARDSON'S CONSTANT (A)

Value Sample Reference

iZOA/cmZ K Red tetragonal, single crystal, n-type 22373
PbO cleaved on (001) plane, n n 10 cm" 3

57I

I _______________________________________________
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049PARSD 9 U570 £LICT PROPSTICeS hWftiOQA7iON CINTSO 0 NUON69 £AnCa*AIP COMPANY. CULvg* CITY, CALIW*WIA

LEAD OXIDE

REFLECTIVITY COEFFICIENT (R)

PHOTONW ENERGY (.V)

20

0.2 0.25 0.3 0.35 0.4 0.5 0J6 0.?

WAVELENGTH W5s

Reflection as a function of wavelength in a vacuum -deposited lead dioxide film.
(Ref. 3281)

PHOTON ENEMGY leV)

0.4 0.5 0.A 0.? 0A1

Reflection as a fun ction of waveleng~th for red lead monoxide powder at 300 0 K.

1. Untreated sa~npie

2. Defect points in the crystal are colored blue by an electric field (10 3V/cm)

3. Annealing at 3000 C to destroy-coloriaj.
(Ref. 1462Z)
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N .. .-. . II I I '

LEAD OXIDE

REFLECTIVITY COEFFICIENT (R)

PHOTON ENERGY V••V
5l.1 2.5 2.1

50

£40

30 Reflectance of evaporated lead monoxide
film . Zl 3 1A thick as a function of wave-

20 length at 300K.
W 0 (Ref. 4911',

g 0o l I A i

0.35 40 0.45 0.50 0.% 040 G"

IVCELEN OT4

PHOTON ENERGY 1ev)
2.5 2.1 I.a

I a

46 -

0

Reflectivity of a 500A thick film of lead monoxide
throughout the visible spectrum at 300rK. S40

(Ref. 11854)

WAVE0E0..M W~oo y.9
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LEAD OXIDE

REFLECTIVITY COEFFICIENT (R)

PHOTON ENERGY (eV)

3.1 2.5 2.1 1.8

100

0 • b

2 1/
0 i I I II

o I I I I I

0.4 0.5 0.6 0.7 0.4 0.5 0.6 0.7

*AVELENGTH (0)

Refiectivity as a function of wavelength in red, unannealed lead monoxide.

a heating b cooling

1. 290OK 5. 2900K
2, 342°K 6. 393°K
3. 399 0 K 7, 573°K
4. 573 K

After initial heating to 4000 K, the energy gap and the reflectivity decrease irreversibly.

(Ref. 14605)
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LEAD OX[IDE

REFLECTIVITY COEFFICIENT (R)

0.1

2

0.1

10

00.7

WWELENGTH 0ai)

Changes in the relative optical density of red unannealed PbO. Hatched area shows
irreversible change in reflectivity in sample that has been heated to 573 0 K.

a eaing b coclin

1. Not-annealed 1. Not-annealed (base line for comparison)
2. 338 0 K 6. 498 0 K

3. 393 0 K 7. 438 0 K
4. 493 0 K 8. 373 0 K
5. 573 0 K9* 333 0K

10. 293 0

(Ref. 14605)
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LEAD OXIDE

REFLECTIVITY COEFFICIENT (R)

10%

3I 4

0.1 0 9

0OA 0.5 06 .7 0.0

1, 3 -yellow PbO films
2, 4-red PbO filmsj

Tie reflectivity and the log reflectivity as a function of waveI-ngth "or bo 1 3 ie I arid
yellow lead monoxide films at 3000K. The values are taken relative to thle reflactivity
of magnesium oxid3 (PbO/MgO<1, coiisequently the log of this ratio is negative). -Cutves

A are reflectivity values, Curves B are the-log values9,
(Pef, 14606)
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LEAD OXIDlE

REFRACTIVE INIDE (n),

Symbo Val~~ Pl ~MeasurementConditions
Symol vaueSaM16Wavelength Temperature Redereiice-

- Yellow orthorhornhic
PbO' films .213,

Z35 p and. 25 ý
thieknes 9,

Z. 56 X5896A 3000 k 4914

5.7 X 200A 300 K 4911

n .1 b flsdeposited X 5Z200A 30K11854

- -under oxygen pres- (green)
sure (0. 35, torr)

- ~onZ000 C substrates -

Z. 535 21.665 Litharge (red XbL -~6707A 30

Z. 51 2.71 Massicot -yellow XLi= 6 7 07 A, 300'K*
U ~orthorhom-bitc)

Orien- Ab-
-Orien- sorp-

-tation Value tionK0
x 2. 5i Yellow orthorhomibic X =6707A 300 j.. *

PbO single cryetal L

y 2. 61 light
yellow

z 2.71 deep
yellow

2. 42*k0. 02 Pb 0(Miaimu) XL 677 0

*Larsen and Berman
**Dana
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r .LEAD OXIDE

(n) REFRACTIVE INDEX

PHOTON ENERGY (*V)

4.j 3.1 2.5 2.1
2.6 ,,

.• 2,4 - -...

-2.2 Refractive index as a function of wave-
length in a lead dioxide polycrystalline

2.0 - film at 300°K.

008 •(Ref. 3281)

0.3 0.4 0.5 0.6 0.7

WAVELENGTH (p')

PHOTON ENERGY(*V)

2.5 2.13.0

Refractive index as a function of wavelength in a W 2.9
lead monoxide film at 300-K. The film is highly

reflecting, evaporated under oxygen pressure to
prevent the presence of free lead. U. 2.9

(Ref. 11854) w

PWNEEYo)0.45 
0.50 0.55 0.60 0.65

•rON[NF•Y~v) WW[LESI0THW

3.1 2.51.+ 9 T1, Refractive index as L function of wavelength for
.4 I a S evaporated yellow orthorhombic lead m(noxide

& 32 Hit ui. films. The absorption is considerable when
i SO',• FILevaporated in a high vacuum, but can be greatly&i30 ,• 40L CV•,•,MTE

"J�, EVA minirm zed when deposited at low oxygen pros-

sure. This latter precedure apparently elimi-S"•.-•.• ... _nates the free lead.

(Ref. 4911)
8 .4 A -

0.35 0.4 0.45 0.5 0.56 0.6 0.66
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"- LEAD OXIDE
THERMAL CONDUCTIVITY (k)

Value (10' W/cm K) single crystal platelets Temperature Reference

4.3 parallel to a-axis 298 0 27776
3. 1 parallel to b-axis 298°K 27776
0.6 parallel to c-axis 298°K 27776

Az..zpotropy of the thermal conductivity is believed to confirm theories regarding the
binding energies in the three axis directions.

2.77 PbO 31 K

2. 16 PbO 366°K 0

1.71 PbO 422°K * "

*Handbook of Chem. and Phys., 47th Ed., 1966-1967. p. E.4. U

40500 333 2

Thermal conductivity as a 40

function of reciprocal temper-
ature for yellow 1--ad monoxide -

in single crystal platelets.

A Parallel, to a-axis 0
B Parallel, to b-axis a

(Ref. 27776) 12.

0 U0

0 

J
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• LEAD OXIDE

THERMOELECTRIC PROPERTIES

Value (mV/°K) Sample Temperature Reference

Thermal emf. 2 (max) n-type, PbO2  -290 0 C 10517

a1

0
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LEAD OXIDE

WORK FUNCTION

Temp1 rature
Symbol Value (eV) Sample Method "K Reference

0 )3 PbO film, anne ajed Secondary electron 300 21307
in oxygen at 400 C. emission from

0 - 20eV
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